signifi cantly (P < 0.05) less decay of citrus fruit after storage in nine out of ten experiments, often reducing decay by about half. In one experiment, pyraclostrobin and phosphorous acid also signifi cantly decreased total decay by 29% and 36%, respectively, after storage compared to the control. Only benomyl and thiophanate-methyl signifi cantly reduced stem-end rot (SER; primarily Diplodia natalensis or Phomopsis citri) after storage, with an average of 65% less decay compared to the control. Though benomyl significantly reduced anthracnose (Colletotrichum gloeosporioides) in two of four tests with substantial (>20%) infection and phosphorous acid signifi cantly reduced it once, thiophanate-methyl did not signifi cantly reduce the incidence of anthracnose postharvest. The data suggests that preharvest application of thiophanate-methyl may reduce postharvest SER and total decay similar to preharvest benomyl treatments.
signifi cantly (P < 0.05) less decay of citrus fruit after storage in nine out of ten experiments, often reducing decay by about half. In one experiment, pyraclostrobin and phosphorous acid also signifi cantly decreased total decay by 29% and 36%, respectively, after storage compared to the control. Only benomyl and thiophanate-methyl signifi cantly reduced stem-end rot (SER; primarily Diplodia natalensis or Phomopsis citri) after storage, with an average of 65% less decay compared to the control. Though benomyl significantly reduced anthracnose (Colletotrichum gloeosporioides) in two of four tests with substantial (>20%) infection and phosphorous acid signifi cantly reduced it once, thiophanate-methyl did not signifi cantly reduce the incidence of anthracnose postharvest. The data suggests that preharvest application of thiophanate-methyl may reduce postharvest SER and total decay similar to preharvest benomyl treatments. E ffective posthar vest decay control is critically important when marketing fresh citrus, especially with the extended shipping distances and storage durations often required to successfully market the fruit. Unlike Mediterranean climates where penicillium (Penicillium spp.) mold is the most important cause of citrus decay, SER often causes the greatest postharvest losses in fresh Florida citrus (Brown and Albrigo, 1970) . Decay due to anthracnose can also be severe, especially in early-season tangerines (Brown, 1978) . As part of an integrated approach to decay control, postharvest fungicides are used in most packinghouses. In addition, preharvest application of benomyl, with its ability to reduce fruit decay through harvest, packing and marketing operations, has provided an important management option for growers and shippers Albrigo, 1970, 1972) . Preharvest use of benomyl decreases postharvest decay during times of high decay pressure and may allow for the use of fewer postharvest fungicides. Furthermore, it can greatly retard decay development between harvest and packing operations which is especially important when warm weather retards natural color development and degreening of the fruit with ethylene is required. Ethylene exposure and the warm [up to 85 o F (29.4 o C)], humid (≈95% relative humidity) conditions during degreening increase the incidence of diplodia stemend rot and anthracnose (Brown and Barmore, 1976; Grierson and Newhall, 1955) . While fungicide drenches before degreening are common, early season fruit peel may be injured by the drench chemicals (Ritenour and Dou, 2000) . Thus, an effective preharvest fungicide with continuing postharvest decay control is an important management option for the fresh citrus industry.
With the constant threats of losing currently available fungicides and development of fungicide resistance in decay-causing organisms (McDonald et al., 1979) , there is also a need to expand and diversify decay control options for citrus. The discontinued manufacturing and sale of benomyl (Benlate; Dupont, Wilmington, Del.) in late 2001-currently the only registered preharvest fungicide for postharvest decay control-underscores this importance. After current, scarce inventories of this product are exhausted, there will be no effective preharvest fungicide for the control of postharvest decay on fresh citrus. Alternatives need to be identifi ed and registered for commercial use.
The current studies were conducted to evaluate the effectiveness of compounds applied preharvest for reducing postharvest decay in fresh Florida citrus fruit. In addition, fruit were harvested at different times after application to evaluate how harvest delays might affect decay suppression.
Materials and methods
Field trials were conducted between Fall 1999 and Spring 2003 on seven different citrus cultivars to test the ability of different preharvest-applied compounds to provide continuing suppression of fruit decay during harvest, postharvest handling and storage. Experimental plots were established in commercial citrus groves in the Fort Pierce, Fla. area and at the University of Florida Indian River Research and Education Center in Fort Pierce, Fla. Table  1 lists the common and trade names of the compounds tested, the percentage of active ingredient, the manufacturers of the compounds, and the rates of each compound applied. In all, 11 different products were evaluated.
Tests were conducted on 'Sunburst' tangerines (Citrus reticulata) three times, on 'Marsh' grapefruit (C. paradisi) twice, and on 'Ruby Red' grapefruit, 'Fallglo' tangerines, 'Murcott' tangor (C. reticulata x C. sinensis), and 'Valencia' and navel oranges (C. ) and no rain on the day of application. The exception occurred when rain started to fall after the 'Sunburst' tangerines were sprayed on 11 Dec. 2000 and the wind increased with gusts up to about 10 miles/h (16.1 km·h -1 ). All materials were applied using an air-blast sprayer with a volume of 125 gal/acre (1169.2 L·ha -1 ). Each replicate consisted of one to three healthy trees and there were four replicates per treatment before April 2002, and fi ve replications per treatment after that. Field plots were arranged in a completely randomized design. Control trees were not sprayed.
From November 1999 to April 2002, commercially mature fruit were harvested about 2 d and then 2 weeks after chemical application. During the 2002-03 season, fruit were harvested 1 and 3 weeks after application to compare the effectiveness of benomyl and thiophanate-methyl under extended harvest delays. It is recommended that fruit be harvested within 3 weeks of benomyl application (Wardowski and Brown, 1993) . In two instances, fruit from one of the two harvests were lost due to unforeseen circumstances. Representative samples of about 50 to 60 fruit were harvested from all trees within a replicate, placed into fi berboard cartons and transported to the laboratory where they were washed with an alkali surfactant solution ( Decay from natural infections and the development of physiological disorders were evaluated during storage. The type of decay occurring on each fruit was visually identifi ed as either SER, green mold (Penicillium digitatum), or anthracnose. Other decays such as sour rot (Geotrichum citri-aurantii) were only rarely observed, but could be present on up to 18% of the fruit. A single fruit may exhibit more than one type of decay and/or physiological disorder. The total percentage of fruit with any visible decay was also recorded. Fruit were evaluated about every 28 d during storage and the experiments terminated after signifi cant decay had developed. Cumulative results throughout the storage period are reported and total days in storage are reported in Tables  2 and 3 . At each evaluation, decayed fruit were removed before placing the fruit back into storage.
Data were transformed to arcsine values and analyzed by analysis of variance using SAS (PROC GLM) for PC (SAS Institute Inc, Cary, N.C.). When differences were signifi cant (P ≤ 0.05), individual treatment means were separated using Duncan's multiple range tests (P = 0.05). Means presented are untransformed values.
Results and discussion
In the present studies, different compounds (mostly preharvest fungicides registered for use on citrus) were evaluated over more than three seasons (Table 1) . Ferbam, phosphorous acid, copper hydroxide, fosetyl Al, and benomyl have been available to commercial citrus growers for years. Others, such as fenbuconazole, azoxystrobin, pyraclostrobin, and thiophanate methyl are relatively new. Acibenzolar-S-methyl (Actigard; Syngenta, Greensboro, N.C.) is reported to be an activator of plant defenses (Romero et al., 2001 ) that has been used for vegetables, but is not registered for use in citrus. Phosphorous acid is labeled as a fungicide (Phostrol; AGTROL International, Houston, Texas) or used as a nutritional product (Nutri-Phite; Biagro Western Sales, Inc., Visalia, Calif.).
RESEARCH REPORTS
After initial tests using ferbam, fenbuconazole, fosetyl-Al, phosphorous acid (Nutri-Phite), copper hydroxide, acibenzolar-S-methyl, azoxystrobin, and benomyl, the lack of signifi cant results for decay control from all except benomyl (Table 2 ) led to discontinuing tests on most of those compounds. Thiophanate-methyl, pyraclostrobin, and phosphorous acid (from a different source-Phostrol) were added for the 2001-02 trials. Because benomyl and thiophanate-methyl signifi cantly reduced postharvest decay most often, these fungicides were tested again during the 2002-03 season (Table 3) .
After fi eld application, harvest, simulated commercial handling, and storage at 50 o F, signifi cant reductions in total decay were observed in nine of ten experiments (Tables 2 and 3) . Preharvest application of benomyl or thiophanate-methyl were the most consistent in reducing postharvest decay. Rates of postharvest decay among benomyl or thiophanate-methyl treated fruit averaged about 50% lower than the controls. Even when differences were not signifi cant, these treatments still tended to have less total decay than the control. These products provided signifi cant postharvest decay control even when harvests were delayed for up to 3 weeks. Relative effi cacy between benomyl and thiophanate-methyl did not change between the fi rst and second harvests. Over 3 years of studies with 'Nagpur' mandarin (Citrus reticulata), Naqvi and Dass (1991) also found signifi cant decreases in postharvest decay after preharvest application of benomyl or thiophanate-methyl.
In one test ('Sunburst' tangerines harvested 18 Dec. 2001), pyraclostrobin and phosphorous acid (Phostrol) also resulted in 29% and 36% less total decay, respectively, than the control following storage (Table 3) . When data from 2001-02 were combined (with no cultivar interaction), phosphorous acid (Phostrol) and pyraclostrobin signifi cantly reduced total decay to 36% and 39%, respectively, from 49% in the control (data not shown). Combined total decay was signifi cantly lowest in thiophanate-methyl and benomyltreated fruit (24% for both). Earlier tests with phosphorous acid from a different source (Nutri-Phite) revealed no signifi cant effects on total decay after harvest (Tables 2). Fosetyl-Al is thought to act through its conversion into phosphorous acid after plant uptake (Afek and Sztejnberg, 1989) . Naqvi and Dass (1991) reported a signifi cant reduction in postharvest decay from preharvest application of fosetyl-Al on citrus. However, the current results indicate no signifi cant reduction in postharvest decay after preharvest application of fosetyl-Al (Table 2) . Brown (1992) reported that postharvest treatments of fosetyl-Al did not reduce SER, green mold, or anthracnose compared to the control, but did reduce decay when fruit were inoculated with brown rot (Phytophthora spp.). No treatment resulted in signifi cantly more total decay than the control after storage.
Commercially, SER often causes the greatest postharvest losses in fresh Florida citrus fruit (Brown and Albrigo, 1970) . During the present studies, SER was often the primary cause of decay (Tables 4 and 5 ). Benomyl and thiophanate-methyl were the only treatments that signifi cantly reduced SER following storage at 50 o F, averaging 65% less SER compared to the controls. These products provided signifi cant postharvest decay control even when harvests were delayed up to three weeks. When data from 2001-02 were combined (with no cultivar interaction), signifi cant reductions in SER from phosphorous acid (20% SER) compared to the control (25% SER) were also revealed (data not shown). SER was still signifi cantly lowest in thiophanate-methyl and benomyl-treated fruit (9% and 11%, respectively). Previous studies have reported the effectiveness of preharvest applications of benomyl at reducing postharvest SER (Brown and Albrigo, 1970) . Both benomyl and thiophanate-methyl break down to form carbendazim, which is the primary source of fungicidal activity (Clemons and Sisler, 1969; Saleh and Negm, 1980) . Even when their effectiveness was not signifi cant, these two treatments were always associated with a lower incidence of SER than the control.
Even though postharvest fruit losses were primarily a result of SER, anthracnose was high (>15%) in four harvests and was the primary cause of decay in two harvests ('Fallglo' tangerines harvested 20 Sept. 2000, and 'Sunburst' tangerines harvested 6 Dec. 2001) ( (Brown and Barmore, 1976) . Although degreening conditions were the same, further color development between the two 'Fallglo' harvests is though to have retarded anthracnose development (Brown, 1978) in fruit from the second harvest and allowed the establishment of relatively more SER (Table 4) .
Signifi cant reductions in postharvest anthracnose by preharvest treatments were rare (Table 6 ). Of these, benomyl signifi cantly reduced anthracnose in two tests, and phosphorous acid signifi cantly reduced it once. Benomyl has been recommended as the most effective fungicide at reducing post-bloom fruit drop (PFD) in citrus, caused by a different species of Colletotrichum (C. acutatum) . Wardowski and Brown (1993) reported that benomyl is only somewhat effective against postharvest anthracnose, and our results support this conclusion. However, although both thiophanate-methyl and benomyl form the same fungitoxic compound, thiophanate-methyl did not result in signifi cant reductions in anthracnose compared to the control. Thiophanate-methyl has been granted a specifi c exemption by the U.S. Environmental Protection Agency (EPA) (Timmer, 2003) specifi cally for the control of PFD in citrus. Because anthracnose was usually low in these tests and signifi cant treatment differences were rare, further tests are needed before making defi nite conclusions about the effi cacy of thiophanate-methyl on postharvest anthracnose.
Following cold storage, the occurrence of green mold, was usually very low and often appeared as secondary infections after SER developed (data not shown). Smoot (1977) reported that it was not uncommon for incidence of penicillium mold to be 10-fold lower than stem-end rot on Floirda citrus. In the current tests, signifi cant differences from the control were only observed in 'Sunburst' tangerines harvested 13 Dec. 2000 and in 'Valencia' oranges harvested 6 May 2002 where the development of green mold in control fruit reached 5% and 23%, respectively. Of the preharvest treatments, only benomyl, thiophanate-methyl, and pyraclostrobin signifi cantly reduced green mold by 89%, 81%, and 69%, respectively, compared to the control (data not shown). Others have also reported reduction of penicillium molds after preharvest or postharvest treatments with benomyl or thiophanate-methyl (Brown and Albrigo, 1972; Kuramoto, 1976; McCornack, 1974) .
The development of physiological disorders was usually low following storage, but occasionally developed to relatively high levels. Stem-end rind breakdown (SERB) was by far the most common physiological disorder with incidence as high as 31% in navel oranges treated 21 Oct. 2002 (Data not shown). Only in these navel oranges was SERB signifi cantly affected by the preharvest treatments, increasing from 15% in the control to 24% in benomyl-treated fruit and 32% in thiophanate-methyltreated fruit. There was no interaction between incidence of SERB and decay. It is unclear why the fungicide treatments would increase SERB. The other experiments revealed no signifi cance or even trends in SERB development relating to the preharvest treatments. Postharvest pitting (Petracek et al., 1998) was also observed in one instance ('Fallglo' harvested 9 Oct. 2000), but its appearance was not affected by the treatments (data not shown).
The above data suggest that preharvest application of thiophanate-methyl may provide postharvest decay control similar to benomyl. The only exception was that in fruit from two harvests, thiophanate-methyl did not reduce decay from anthracnose as well as benomyl (Table 6 ). More tests are required before defi nite conclusions can be made about the effi cacy of thiophanate-methyl on postharvest anthracnose. Thiophanate-methyl (Topsin M; Cerexagri, Inc., King of Prussia, Pa.) has been granted a specifi c exemption by the EPA (Timmer, 2003) for control of citrus PFD. Though fruit harvest is allowed 2 d after thiophanate-methyl application, it is not currently registered for application to control postharvest decay. Efforts are underway to obtain an EPA specifi c exemption for preharvest application of thiophanate-methyl to control postharvest decay of citrus fruit.
